Overall photocatalytic water splitting with a high efficiency of $5% has recently been observed for CoO nanoparticle suspensions in the absence of an applied bias or co-catalyst. Although experimental measurements indicate that the overall photocatalytic water splitting is caused by optimal band edge alignments with respect to the redox potentials of water, the mechanism by which H 2 and O 2 simultaneously evolve on these nanoparticles is unknown. In this study, we used first-principles density functional theory (DFT) calculations to elucidate the mechanisms for the charge separation and H 2 and O 2 evolution on CoO nanoparticles under illumination in aqueous solution. We demonstrated that electrons are driven to the CoO(100) facet and holes are driven to the hydroxylated CoO(111) facet (OH*-CoO(111)) as a result of the built-in potential arising from the difference in the band edge positions on the two facets. Furthermore, based on a set of criteria, depending on if the photoexcited electrons and holes have sufficient energy to overcome the kinetic barrier along the H 2 and O 2 evolution reaction pathways, respectively, on the relevant surface facet, we show that H 2 evolution preferentially occurs on the CoO(100) facet, while O 2 evolution occurs on the OH*-CoO(111) surface. Our understanding of the overall water splitting mechanism on CoO nanoparticles provides a general explanation for the experimentally observed overall water splitting phenomena on a variety of selfstanding photocatalysts, including g-Ga 2 O 3 , Cu 2 O, and KTaO 3 , without an external driving potential or co-catalyst. In addition, we provide a new strategy for designing novel photocatalysts with high efficiency by controlling their surface configurations and morphologies.
Introduction
For decades, photocatalysts have been actively studied both experimentally and computationally because solar light harvesting is very attractive for the development of renewable and clean energy. However, for photocatalytic water splitting to become economically feasible, it is crucial to decrease both the cost and energetic cost (i.e., overpotential) of materials for the two half-reactions, the hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER). Therefore, photocatalysts composed of non-noble materials and splitting water without an external bias or a co-catalyst are promising. Nano-sized photocatalysts are known to present a high electron-hole recombination rate due to their conned space, which signicantly reduces the photocatalytic efficiency, despite the many advantages of nano-sized photocatalysts (such as inexpensive fabrication cost, high specic surface area, and short carrier diffusion lengths to reach the surface reaction area). Thus, it is difficult to imagine economical nanoparticle photocatalysts where overall water splitting occurs without the application of external energy and/or a co-catalyst. Interestingly, self-standing nanoparticles of various single materials, including g-Ga 2 O 3 , and CoO, 10 have been reported to create stoichiometric H 2 and O 2 in aqueous solution under light illumination even without an externally applied bias or co-catalyst. Among them, spherical CoO nanoparticles have been observed to create stoichiometric H 2 and O 2 with the highest solar-to-hydrogen photocatalytic efficiency ($5%), in contrast to bulk CoO, which is photocatalytically inactive for water splitting. A previous experimental work reported that CoO nanoparticles with sizes less than 10 nm have optimal band edge positions for overall water splitting; 10 whereas bulk CoO or CoO micropowder does not. 10 Therefore, it is believed that the different photocatalytic behaviors are related to particle size. However, very recently, it was reported that sub-micrometer CoO octahedra also conducted overall water splitting without an external bias or co-catalyst (but with much lower efficiency compared to spherical CoO nanoparticles), 11 suggesting that a critical factor controlling the photocatalytic water splitting behavior is not particle size.
Our previous density functional theory (DFT) study of the CoO/water interface demonstrated that the optimal band alignments of spherical CoO nanoparticles originate from the presence of fully hydroxylated CoO(111) facets (OH*-CoO(111)). 12 The OH*-CoO(111) facet is also predicted to be present on the CoO octahedra, which indicates that overall water splitting on CoO spherical nanoparticles 11 and octahedra 12 is due the presence of the OH*-CoO(111) facet. However, despite these experimental 10 and computational 12 works, a clear picture of how the HER and OER occur on CoO nanoparticles with high efficiency is still missing. In this work, to elucidate the origin of the overall water splitting on CoO nanoparticle photocatalysts without an external bias or co-catalyst, we investigated the mechanisms for charge separation and spontaneous HER and OER under light illumination using rst-principles density functional theory (DFT) calculations. By determining the built-in potential between the two facets based on their relative band edges and computing the relative charge accumulation on each, we show that electrons are driven to the CoO(100) facet and holes to the hydroxylated CoO(111) facet (OH*-CoO(111)). We also determine the feasibility of the HER and OER on the two facets based on whether the photogenerated electrons and holes have sufficient energy to overcome the kinetic barrier along the H 2 and O 2 evolution reaction pathways, respectively. Using this feasibility, we demonstrated that H 2 evolution preferentially occurs on the CoO(100) facet, while O 2 evolution occurs on the OH*-CoO(111) surface in the absence of an overpotential or co-catalyst, even though only the band edges of the OH*-CoO(111) facet satisfy the conventional condition for overall water splitting, while that of the CoO(100) facet do not. We believe that this suggested mechanism provides a general framework for understanding the experimental observations of photocatalytic overall water splitting on other self-standing photocatalysts.
Methods
CoO(100) slabs with the rock salt (RS) structure were modeled with a symmetric 2 Â 2 in-plane supercell containing 7 atomic layers. The outer 2 layers on both sides were fully structurally relaxed, while the central 3 layers were xed in the RS-structure of bulk CoO (lattice constant ¼ 4.26Å).
12 The Co-terminated CoO(111) surface was modeled with a 2 Â 2 supercell containing 13 atomic layers, with the central 5 layers xed in the bulk positions and the outer 4 layers on both surfaces fully relaxed.
12
O-terminated CoO(111) slabs were not considered based on experimental observations and their higher surface free energy. 12, 13 All slab structures included a vacuum of $15Å separating periodic copies perpendicular to the surface. The type-II antiferromagnetic (AFM) conguration was applied to all slab structures.
12,14,15 DFT + U calculations were performed using VASP 16, 17 with PAW pseudopotentials provided in the VASP database and the PBE-generalized gradient approximation (GGA)
18 exchange-correlation functional. A U value of 4.1 eV was applied to the Co d-states, as described in ref.
12. An energy cutoff of 800 eV was used in the plane-wave expansion. Selfconsistent total-energy iterations were accelerated using Gaussian smearing with a width of 0.05 eV, with Pulay mixing to ensure fast convergence of the self-consistent electron density. Atom positions were relaxed until the forces on all atoms were less than 0.005 eVÅ À1 . All slab structures were modeled with a converged 6 Â 6 Â 1 Monkhorst-Pack k-point mesh unless otherwise noted. Possible adsorbates (intermediates created during the water dissociation process), including H, O, and OH, were placed on both sides of the optimized CoO(100) and Co-terminated CoO(111) slabs with various surface coverages, and then relaxed. The adsorbates were initially positioned at a distance of $2Å from both surfaces then relaxed to nd the thermodynamically favored adsorption site and conguration. 12 The Hubbard U correction to DFT was also included during the relaxation because it is reported that it is essential for the description of experimentally observed trends in the activity of the strongly correlated cobalt oxides.
19
All computation parameters employed for the relaxation were identical to that used for the bare surfaces.
12
The free energy changes for the intermediates at P H 2 ¼ 1 bar were calculated using the approach reported in ref. 20 as follows:
where, DE is the reaction energy determined from DFT and DZPE is the difference in zero-point energies due to the reaction between the adsorbed and gas phase species by setting H 2 O and H 2 in the gas phase as reference states. 20 The DZPE of various surfaces was calculated using DFT calculations. DS is the change in entropy, which was computed using DFT calculations of the vibrational frequencies and standard tables for gas phase molecules, DG U ¼ ÀeU is the free energy change due to electrode potential U, and DG pH ¼ kT ln[H + ] ¼ ÀkT ln 10pHis the free energy change due to the change in pH. All values of DG were computed at T ¼ 298 K and pH ¼ 0. Additional details and the computed values of DZPE and TDS are reported in Tables S1  and S2 in the ESI. † The charge states of the CoO(100) and OH*-CoO(111) surfaces were evaluated by examining how the atomic charge density deviates from the reference value in each layer, i.e., the charge density difference, which is dened as:
For the reference of the surface charge density, the average charge density of the bare Co-terminated CoO(111) surface was chosen because the charge density did not vary signicantly with respect to the position along the lm thickness (z-axis) even at the outmost surface layer, as shown in Fig. 6 in ref. 12 .
To investigate whether charge separation occurs in actual CoO nanoparticles, we also constructed a supercell describing a nanorod composed of CoO(100) and OH*-CoO(111) facets, as shown in Fig. 2 . The initial atomic conguration was built so that only the OH*-CoO(111) and bare CoO(100) surfaces existed and were in contact with each other. The initial supercell was relaxed with the same parameters as the CoO slabs, but with a 6 Â 1 Â 1 Monkhorst-Pack k-point mesh. All atoms in the nanorod were relaxed. An initial type-II AFM conguration was constructed with up and down spin polarization on the Co atoms in alternate (111) planes.
Results and discussion
Catalysis on semiconducting photocatalysts generally involves three steps: (i) solar light absorption, which generates electronhole (e-h) pairs if the energy of the incident light is larger than the band gap of the photocatalyst; (ii) separation of the photogenerated charge carriers (e-h) and their transportation to the surface of the photocatalyst; and (iii) reaction of adsorbed reactants at the surface via use of the transferred electrons/ holes. Photogenerated holes are used to generate oxygen at the photoanode (4h
, while photogenerated electrons generate hydrogen at the photocathode (4H + + 4e À / 2H 2 (g)). Consequently, the two half-reactions lead to the stoichiometric generation of hydrogen and oxygen from water (
In a previous study, 12 we demonstrated the thermodynamic feasibility of photocatalytic overall water splitting on CoO nanoparticles with diameters of $10 nm (ref. 10 ) by elucidating their surface-dependent band edge positions relative to the water redox potentials (step (i)). We showed that the thermodynamically preferred morphology of CoO nanoparticles is a truncated octahedron consisting of two facets: OH*-CoO(111) and bare CoO(100) facets. These two facets have very different band edge positions relative to the redox potentials of water.
12
In particular, the band edge positions of the OH*-CoO(111) facet are shied signicantly upwards compared to that of the CoO(100) facet. As a result, the conduction band edge is located at a more negative potential than the water reduction potential level (H + /H 2 ), and the valence band edge is more positive than the water oxidation potential level (H 2 O/O 2 ); thereby, allowing the possibility of overall water splitting. Once CoO nanoparticles in water are exposed to light, the OH*-CoO(111) surface absorbs light of energy greater than 2.6 eV and generates e-h pairs that have sufficiently high energy for both the HER and OER to occur. However, how both reactions take place on the facets of CoO nanoparticles is not yet understood. Therefore, in this study we investigated the separation process of the photogenerated charge carriers (step (ii)) and the HER and OER feasibilities of the two facets (step (iii)).
Charge separation
Charge separation can occur when there is a driving force for photogenerated electrons and holes to move in different directions or spaces. This implies that charge separation can occur if facets with different electron affinities exist in a nanoparticle. As determined in our previous study, 12 the two types of facets predicted to be present in CoO nanoparticles in water have very different surface properties. Specically, the CoO(100) surface is likely to be positively charged, while the OH*-CoO(111) surface is negatively charged. Thus, photogenerated electrons are expected to move to the CoO(100) surface; whereas, holes migrate to the OH*-CoO(111) surface. In addition to the charge density difference, the conduction and valence band edge diagram of a CoO nanoparticle in an aqueous environment ( Fig. 1) suggests that charges will be rapidly separated between the two facets due to the large potential difference ($2.19 V) between them. This creates a large electric eld throughout the entire nanoparticle due to its small dimensions relative to the typical length scale of band bending in CoO. 21 This electric eld drives photogenerated electrons towards the CoO(100) facet and holes towards the OH*-CoO(111) facet.
However, it is unclear whether charge separation still occurs when the two facets exist in conjunction with each other since the charge density distributions studied in the previous work were obtained for isolated supercells.
12 Thus, to conrm whether the charge separation indeed occurs in realistic CoO nanoparticles, we considered a nanorod composed of CoO(100) and OH*-CoO(111) facets, as illustrated in Fig. 2 . In the supercell, we investigated how much the charge density of the surface in the nanorod deviates from the average value of the CoO(111) surface, as described in the Methods section and ref. 12 . The results are summarized in Table 1 . We found that excess electrons are collected on the OH*-CoO(111) surface of the nanorod, as observed for the isolated slab with OH*-CoO(111) surfaces. 12 We also observed a decrease in the electron charge density on the Co atoms in the outermost surface layer of the CoO(100) surface of the nanorod, similar to that observed for the isolated CoO(100) slab. This conrmed our expectation that the charges will be separated between the two facets in actual CoO nanoparticles.
However, we do not think that CoO nanoparticles can sustain the huge electric eld for a long time. The previous experimental study 10 demonstrated that the photocatalysis on the CoO nanoparticles became deactivated soon aer the photocatalytic water splitting test started (within $1 hour of the reaction). The deactivated nanoparticles remained as CoO single crystals, but became aggregated and did not exhibit the initial sharp facets, showing a deviated XPS spectrum from that of the fresh CoO nanoparticles. 10 Considering that a huge builtin potential is generated in the CoO nanoparticles, as shown in Fig. 1 , the structural change at the surface is considered to be caused by the high electric eld inside the nanoparticle, which explains the poor sustainability of the CoO nanoparticles. Nevertheless, this needs to be conrmed by a further experimental study to determine the origin of the short lifetime of the CoO nanoparticle photocatalyst.
Theoretical HER/OER overpotentials
For the separated charge carriers to overcome the kinetic barriers for the formation of reaction intermediates on the surface of the electrode and to induce the HER and OER, a certain amount of excess energy, i.e., overpotential (h), is required. The magnitude of h determines how easily the reaction can occur, i.e., resulting in HER or OER activity. The theoretical electrochemical overpotential for the HER (OER) is dened as the difference between the energy level of the transition state of the limiting step in the reaction relative to H
22 Therefore, the relative HER (OER) activity of the CoO(100) and OH*-CoO(111) surfaces can be roughly estimated by the conduction (valence) band edge position relative to H + /H 2 (H 2 O/O 2 ), as marked in Fig. 3 . From the band edge position point of view, both the HER and OER overpotentials are lower on the OH*-CoO(111) surface compared to on the CoO(100) surface, and neither reaction should occur on the CoO(100) surface. However, it is difficult to conceive a mechanism in which both O 2 and H 2 are simultaneously generated on the same facet (without immediately undergoing the back reaction to water). Furthermore, the photoexcited electrons are expected to move to the CoO(100) facet due to the potential difference between the facets, and therefore would not be available for the HER on the OH*-CoO(111) facet of the CoO nanoparticles. On the other hand, if the photoexcited carriers are not separated to different facets as predicted, then we expect high recombination rates and little to no O 2 or H 2 evolution. This suggests that the band edge In the OH*-CoO(111) facet, the higher value for hydrogen than for oxygen in the hydroxyl group means that the charge in the hydrogen atom largely deviated from neutral hydrogen than the charge in oxygen. This indicates that the charge in the hydroxyl group is highly polarized at the outermost position going from the surface to the end of the hydroxyl group.
positions with respect to the water redox levels may not be the most important metric for predicting photocatalytic activity. Instead, we hypothesize that the key property that determines whether photocatalytic HER or OER can occur on a given surface is the difference between the potential of the photoexcited electron or hole and the energy level of the transition state of the relevant rate limiting HER or OER step. Below, we investigated this hypothesis using DFT to compute the free energies of the reaction steps for the HER and OER on both the CoO(100) and OH*-CoO(111) surfaces.
HER/OER activities under equilibrium potential
Initially, we determined the relative HER activities of the CoO(100) and OH*-CoO(111) surfaces by determining the free energy change for H adsorption (DG H* ), which has been shown to be a good descriptor for the HER exchange current density (j 0 ) for a wide variety of surfaces. 
27
According to the Sabatier principle, 28,29 a good HER catalyst should form a sufficiently strong bond with adsorbed H* to facilitate the proton-electron-transfer process, yet be weak enough for facile bond breaking and release of H 2 gas. We used the convention that a negative DG H* indicates strong binding of hydrogen atoms to the surface, which blocks potential active sites and retards hydrogen generation, while a positive DG H* indicates weak bonding of hydrogen atoms to the surface, which fails to stabilize intermediates and prevents any reaction from taking place. Thus, the highest HER activity is given by DG H* close to 0, i.e., at the summit of the volcano plot of j 0 versus DG H* .
25 Fig. 4(a) shows the calculated free energy change along the HER coordinate on the bare CoO(100) and CoO(111) surfaces with a range of OH coverage at the equilibrium potential (U ¼ 0 V). Since the CoO(100) facet energetically prefers to maintain a clean surface and the CoO(111) facet to be hydroxylated, 12 we assumed that the CoO(100) facet has clean surface sites, while the CoO(111) facet is hydroxylated during the HER and OER except for the adsorption of the intermediates. Indeed, the ab initio MD calculation of the supercell shown in Fig. 2 in contact with the explicit water at 298 K shows that one H dissociated from an H 2 O molecule is adsorbed on the CoO(100) surface, suggesting that the CoO(100) surface keeps the clean state with 1/8 coverage of intermediates. As shown in Fig. 4(a) , DG H* is positive for the bare CoO(100) surface, but negative for all the CoO(111) surfaces independent of OH coverage, showing that the CoO(100) or OH*-CoO(111) facet binds weakly or strongly 12 We also found that the HER overpotential is smaller on the CoO(100) surface than on the OH*-CoO(111) surface, in contrast to the theoretical HER overpotentials estimated from the band edge positions (Fig. 3 ). We will discuss the meaning of the difference between the theoretical overpotential and the overpotential calculated from the intermediate state in the following section.
Similarly to HER, the OER overpotential of a material can be estimated based on the binding energies of the intermediates on its surface relative to H 2 O and H 2 in the gas phase. The proposed OER mechanism consists of four consecutive proton and electron transfer steps with the intermediates OH*, O*, OOH* and OO*(O 2 ). 27 Fig. 4(b) shows the free energy diagram of the calculated free energies of the intermediates along the overall OER pathway, DG OH* , DG O* , and DG OOH* , of the bare CoO(100), bare CoO(111) and OH*(3/4)-CoO(111) surfaces at the equilibrium potential (U ¼ 1.23 V). The CoO(100) surface has positive values for DG OH* , DG O* , and DG OOH* , implying that none of these adsorbates bind easily to the CoO(100) surface. However, the bare CoO(111) and OH*(3/4)-CoO(111) surfaces stabilize both the O* and OH* adsorbates. Furthermore, they have OER overpotentials (2.17 V for bare CoO(111) and 1.18 V for OH*(3/4)-CoO(111)) much lower than that of the CoO(100) facet (3.67 V). As a result, we expect that the OER preferentially occurs on the OH*-CoO(111) facet.
HER and OER at the photo-induced potential
The HER and OER overpotentials estimated from the binding energies of the reaction intermediates were shown to agree with experimental electrochemical measurements. This is obvious in the case of an electrochemical cell because a certain amount of energy should be supplied to an electrochemical catalyst to induce the reaction. The energy greatly depends on the intermediate state, which is given by the electrode potential required for the initiation of the reaction.
In the same way, previous studies have employed the calculated overpotentials to interpret photocatalytic behavior since the reactions are expected to occur via the same mechanism. However, unlike the electrochemical cell, since the energy source for the HER and OER reactions on photocatalysts is light (photon energy), the feasibility of the photocatalytic HER or OER cannot be determined only by the kinetic barriers for the half reactions without determining the energy state of the photogenerated charge carriers. In addition, the optimal band edge positions for photocatalytic overall water splitting do not always determine H 2 To resolve this conundrum, we employed criteria for screening the feasibility of the HER/OER on a specic surface, as Valdés et al. 51 and Montoya et al. 52 introduced. Specically, the energy state of the charge carriers provided by light absorption should be sufficient to overcome the kinetic barrier of the reaction of the HER or OER, i.e., the free energy of the transition state of the rate-limiting step relative to that of the initial state. In a semiconducting photocatalyst, the energy state of the photogenerated charge carriers is determined by its band edge positions, which is critical for light absorption. Therefore, the feasibility of the reaction is determined such that HER occurs when the conduction band edge (U(CB)) is more negative than h HER (¼|DG H* |) and the OER proceeds when the valence band edge (U(VB)) is more positive than h OER . Fig. 5(a) shows the conduction and valence band edges that determine the potential levels of electrons and holes generated by photon absorption at the interface of the OH*-CoO(111) surface and water. On the OH*-CoO(111) surface, the photogenerated electrons are at a potential 0.55 V more negative than the water reduction potential (H + /H 2 ), while the photogenerated holes are at a potential 2.05 V more positive than the H + /H 2 .
Specically, the electrons have 0.55 eV extra energy for the HER, while the holes have 0.82 extra energy for the OER relative to an ideal photocatalyst. To determine the feasibility of the HER/ OER under the potential given by the photon absorption, we evaluated the HER and OER overpotentials, as shown in Fig. 5(b) and (c), respectively. From the calculated thermodynamic stability 12 and experimental observations with XPS, 11, 53, 54 the CoO(111) surface is expected to be hydroxylated aer equilibration in water, although the exact OH coverage is not known experimentally. However, performing ab initio molecular dynamics (MD) calculations of CoO(111) and OH*-CoO(111) facets in water (Fig. S1 †) , we found that complex surface congurations can be formed during the actual water splitting reactions, which in turn can signicantly alter the HER and OER overpotentials, as shown in Fig. 5(c) , S2 and S3. † Fig. 5(b) shows the free energy changes of the OER intermediates along the reaction pathway under U ¼ 2.05 V, the potential of the photogenerated holes. Our results predict that the photogenerated holes are able to trigger the OER on the CoO(111) surface with half a monolayer of OH (OH*(1/2)-CoO(111)) without a reaction barrier, as indicated by the downhill free energy change for each step along the reaction pathway (dark green line). The OH*(1/2)-CoO(111) surface is the only conguration considered here that is able to induce the OER without an additional applied potential. This means that the transition state of the OH*(1/2)-CoO(111) surface exists at a slightly negative potential relative to the valence band edge at the surface (2.05 V), and therefore the potential for holes obtained from light absorption is sufficient to drive the spontaneous OER. On the other hand, the transition states on the other surface congurations with various OH, O, and H coverage are at positive potentials relative to the valence band edge at the surfaces. On these surfaces, an additional potential (overpotential) corresponding to the energy difference between the transition state and the valence band edge, U(TS) À U(VB), is required to overcome the kinetic barrier for the OER under the light-induced potential.
We also investigated the feasibility of the HER on the OH*-CoO(111) surface via photogenerated electrons by considering the h HER change under U ¼ À0.55 V (Fig. 5(c) ). Since the overpotential depends strongly on the coverage of different species at the surface, 55 we considered a range of possible surface congurations (Fig. S3 †) (for an initially negative DG H* ) or stabilize the surface with hydrogen (for an initially positive DG H* ). However, they still need an additional potential to reach h HER ¼ $0 to trigger spontaneous HER. From Fig. 5 , we nd that the CoO(111) surface with 1/2 OH coverage energetically favors both the HER and OER. It is interesting to note that, in principle, this surface can therefore simultaneously oxidize and reduce water with photogenerated carriers without an external bias, as predicted from the band edge positions (Fig. 3) . 10, 12 This result supports our point insisted in ref. 12 that the origin of the photocatalytic overall water splitting on both the CoO nanoparticle 10 and submicrometer CoO octahedra 11 is the presence of the OH*-CoO(111) facet (the reason for the lower efficiency of the CoO octahedra compared to the spherical CoO nanoparticles is explained in section 'Electron transport and HER on CoO(100)'). However, as noted in the 'Charge separation' section and Fig. 1 , we expect that the relative populations of photoexcited electrons and holes at the surfaces of CoO nanoparticles will favor the OER at the OH*-CoO(111) surface.
It is possible that the potential level of charge carriers given by light absorption deviates from that of the OH*-CoO(111) facet due to the different surface coverage, although the dominant surface conguration of the CoO(111) facet in a water environment is considered to be hydroxylated. Thus, to more accurately assess the feasibility of the HER and OER on various surface congurations, we computed the conduction and valence band edges of all the surfaces and the results are summarized in Table 2 . Based on the calculated band edge energies and the HER/OER overpotentials, the feasibility of the reaction is determined such that the HER occurs when h HER + eU(CB) # 0 and the OER proceeds when h OER À eU(VB) # 0, screening the photocatalytically active surface. In accordance with the evaluation in Fig. 5 , both the HER and OER are energetically feasible on the CoO(111) surface with a hydroxyl coverage of one half. Unlike the CoO(111) surface, the bare CoO(100) surface is predicted to maintain an ideal surface (no adsorbates) in an aqueous environment. Therefore, we assumed that CoO(100) has clean surface sites during the HER and OER except for the adsorption of intermediates (1/8 coverage). Fig. 6(a) shows the conduction and valence band edges of the bare CoO(100) surface. From the band edge positions, it can be seen that the potential level of electron-hole pairs given by photon absorption at the CoO(100)/water interface is +1.64 V for electrons and +4.25 V for holes with respect to the H + /H 2 level. Fig. 6(b) shows the free energy change along the OER coordinate under U ¼ 4.25 V. Even though the CoO(100) surface is under a very large positive potential, an additional energy of $0.65 eV is required to overcome the reaction barrier for the reaction step going from OH* to O*; therefore, the photogenerated potential is not sufficient to induce the OER on this surface. For hydrogen evolution, the positive E C relative to the H + /H 2 level of the CoO(100) facet (+1.64 V)
indicates that the electrons photogenerated on the surface are unable to induce the HER according to the thermodynamic relation DG U ¼ eU for the HER. Consequently, both the HER and OER seem to be infeasible on the CoO(100) surface, as expected from the band edge positions relative to the water redox potentials in Fig. 3 .
Electron transport and HER on CoO(100)
As discussed in the 'Charge separation' section, the photogenerated electrons and holes are expected to be efficiently separated between the CoO(100) and OH*-CoO(111) facets due to the small dimension of the CoO nanoparticles ($10 nm) and huge built-in potential in the nanoparticles. The efficient charge separation is regarded as the origin of the prominent conversion efficiency observed in a CoO nanoparticle suspension. 10 In contrast, CoO octahedra composed of only the OH*-CoO(111) facet 12 are hardly able to separate the photogenerated charge carriers, resulting in much lower photocatalytic efficiency.
11,12
These two different results suggest that the high photocatalytic efficiency in the CoO nanoparticles originated from the HER and OER occurring on different facets, i.e., CoO(100) and OH*-CoO(111) surfaces without recombination of the separated charge carriers. Therefore, we reasonably speculate that the HER predominantly occurs on the CoO(100) facet, even though the CoO(100) facet has no photocatalytic capability to spontaneously trigger the HER under illumination, as interpreted in the 'HER and OER at the photoinduced potential' section.
Therefore, we investigated whether the electrons photogenerated on the OH*-CoO(111) facet can induce the HER on the CoO(100) facet. Since the U(CB) on the OH*-CoO(111) facet is located at À0.55 V vs. H + /H 2 level, the electrons photogenerated at the surface can be provoked to evolve hydrogen on the CoO(100) facet if the electrons can transport to the CoO(100) facet without energy loss (before electron-phonon coupling occurs), as shown in Fig. 6 (c) (satises the condition for photocatalytic HER; h HER CoO(100) + eU(CB) (at OH*-CoO(111)) < 0). From the numerical calculation of the time required for the electron transportation in the CoO nanoparticles (page 10 in ESI †), we nd that the electrons in the CoO nanoparticles can spontaneously move within $1 fs from the OH*-CoO(111) to the CoO(100) facets in the absence of an external bias. Considering that relaxation time for electron-phonon coupling (generally greater than 10 fs (ref. [56] [57] [58] [59] ) is longer than the electron transportation time in the nanoparticles, the electrons generated on the OH*-CoO(111) facet can be carried without energy loss and successfully trigger the HER on the CoO(100) facet. This short transportation time in the CoO nanoparticles is possible due to the high built-in potential and the small size (page 10 in ESI †) of the nanoparticles. As a result, it is anticipated in real CoO nanoparticles that the HER (or OER) occurs on the CoO(100) (or OH*-CoO(111)) facet even without an external bias or a co-catalyst, resulting in high photocatalytic efficiency.
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Furthermore, at near neutral-pH conditions, the kinetic effect may also be another major reason for the spontaneous overall water splitting with high efficiency, rather than the thermodynamic effects. Therefore, even though CoO(100) facet cannot induce H 2 generation thermodynamically, the HER may be kinetically possible on the CoO(100) facet. However, the kinetic effect has not been proven experimentally and computationally in the eld of photocatalysts because the band edge position is known to be the primary factor for determining whether photogenerated electrons can trigger the HER. Therefore, a further study on the kinetic effect is necessary by investigating the transition states on the CoO nanoparticles. We can also validate the kinetic effect on other semiconducting or insulating photocatalysts that conducted spontaneous overall water splitting in a neutral pH environment.
Overall water splitting on CoO nanoparticles
As mentioned in the 'Charge separation' section, we predict that in CoO nanoparticles in water, photogenerated charge carriers are separated by a built-in potential, with electrons driven to the CoO(100) surface facets and holes driven to the OH*-CoO(111) surface facets due to the difference in the band edge positions at these surfaces. On the OH*-CoO(111) surface (Fig. 5) , our results suggest that the photogenerated holes will serve the OER on a half hydroxylated region, while photogenerated electrons can enable the HER by desorbing hydrogen from a half hydroxylated region. However, we expect the population of photogenerated electrons on the OH*-CoO(111) surface to be very low due to the built-in potential, which will quickly sweep electrons away from the OH*-CoO(111) facet to the CoO(100) facet. Even if the HER can be realized on the half hydroxylated CoO(111) surface before the photogenerated electrons are separated to the CoO(100) surface, the fraction of hydrogen formed on the former facet in the total HER will be very small considering the high probability of back reaction owing to the conned space of the CoO nanoparticles. On the CoO(100) surface, which strongly attracts photogenerated electrons, both the HER and OER are unlikely to occur due to the signicant energy barriers, which cannot be overcome by the electrons and holes photogenerated on the CoO(100) facet. However, the HER is available on the CoO(100) facet by the electrons photogenerated on the OH*-CoO(111) facet, but transferred to the CoO(100) facet before electron-phonon coupling without loss of energy aer the generation. Thus, we expect the OER to primarily occur on the OH*-CoO(111) facet and the HER to occur on the CoO(100) facet in CoO nanoparticles. Photocatalytic overall water splitting on CoO nanoparticles is thought to take place without a co-catalyst or an external bias because the nanoparticle functions as either a co-catalystintegrated nanoparticle or a p-n junction photocatalyst, in which the CoO(100) facet is a p-type semiconductor and the OH*-CoO(111) facet is an n-type semiconductor. In addition, the spontaneous charge separation taking place in the CoO nanoparticles can largely improve the photocatalytic efficiency, which supports the experimentally measured high photocatalytic efficiency (5%) of CoO nanoparticles. 10 Even though the nanoparticle is made of a homogeneous material, the different surface congurations with different charge densities 12 and electron affinities on the nanoparticle enable advanced heterogeneous functions. Unlike spherical CoO nanoparticles of high efficiency, 10 sub-micrometer CoO octahedra covered with OH*-CoO(111) facets cannot separate photogenerated e-h pairs because there is only one type of facet. Thus, even though the OH*-CoO(111) facet can conduct photocatalytic overall water splitting, the efficiency will be signi-cantly reduced compared to that of spherical CoO nanoparticles, as observed experimentally.
11
This understanding of overall photocatalytic water splitting on CoO nanoparticles may also explain how other single-material nanoparticles can perform as photocatalysts for overall water splitting without a co-catalyst or an external potential. Furthermore, it emphasizes that understanding photocatalytic water splitting requires the knowledge of three key properties: (i) the morphology of the nanoparticle and its thermodynamically stable surface congurations in an aqueous environment, (ii) the energy state of the photogenerated charge carriers from the calculation of the band edge positions and (iii) the relative energy of the transition state of the reaction under the photoinduced potential.
Conclusions
This study represents the rst study to elucidate the mechanism by which overall water splitting can occur on a self-standing CoO nanoparticle photocatalyst with high photocatalytic efficiency and without a co-catalyst or an external bias. We demonstrated that photogenerated charge carriers are separated onto different facets of the nanoparticle due to a strong electric eld, which is formed between the two facets due to their very different surface properties: electrons are driven to the CoO(100) facet and holes to the OH*-CoO(111) facet. Furthermore, we showed that the electrons transferred to the CoO(100) facet from the OH*-CoO(111) facet without energy loss can be used for the HER on the CoO(100) surface, while the holes on the OH*-CoO(111) facet can induce the OER under the photogenerated potential on the facet without an external bias because the photogenerated charge carriers have energies sufficient to overcome the kinetic barriers of the relevant reactions. This thorough understanding of the overall photocatalytic water splitting mechanism for all three steps of photocatalysis, including the generation of charge carriers under illumination, 12 separation of photoexcited carriers, and surface H 2 and O 2 evolution reactions, provides insight into the photocatalytic mechanism on a variety of single material photocatalysts.
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